Evidence of curvature effects on the interaction and binding of silver clusters on folded graphitic surfaces has been shown from both experiment and theory. Density Functional Theory (DFT) calculations within the local density and generalized gradient approximations have been performed for the structural relaxation of both Ag and Ag2 on curved surfaces, showing a cross-over from quantum to classical behaviour. Using Lennard-Jones potential to model the interaction between a single cluster and the graphene surface, evidence is found for the curvature effect on the binding of silver nano-particles to folding graphitic surfaces. The theoretical results are compared to SEM and AFM images of samples obtained from pre-formed silver cluster deposition on carboneous substrates exhibiting anisotropic pleat structures. Introduction. In the quest for nano-scale science and technology, interaction and diffusion of adatoms, molecules and nanoparticles on surfaces attract enormous interest due to their relevance in the construction and the stability of new nanoarchitectures. Most studies of adatom diffusion have focused on flat surfaces and it is only since a decade ago that the study of diffusion on deformed surfaces has opened up new perspectives in anisotropic diffusion. It has been shown that the interaction of silver atoms with carbon nanotubes is curvature specific [1] . Both experiments and simulations pointed out that convex surfaces, such as those on the outside of carbon nanotubes, enhance binding of silver atoms. In contrast, our recent experiment on silver cluster deposition on folded graphite shows evidence of repulsive barriers for convex bends [2] . On graphite surfaces, metal clusters of up to a few thousand atoms are known to be highly mobile. They aggregate into fractal islands [3, 4] through an isotropic diffusion of clusters on flat terraces, which has been understood using a Diffusion Limited Aggregation (DLA) model [5] . The islands with anisotropic morphologies obtained on curved surfaces reveal anisotropy in cluster diffusion, which was attributed to surface curvature. In fact, the weak interaction between two adjacent graphene sheets show evidence of pleats, observed via AFM imaging techniques. These pleats destroy the homogeneity of the graphite surface, which should affect cluster mobility and thus change the island patterns [2] . Understanding the role of the surface curvature on cluster mobility becomes of fundamental interest for building new architectures. However, nothing is known on the mechanism underlying the diffusion, and in particular the binding interaction between the cluster and folded graphite has not been studied. Two main questions need to be answered
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Experiment. In our experiments, a distribution of neutral silver clusters with a mean diameter of 3 nm and halfwidth at half maximum of 0.5 nm is deposited at thermal energy on folded graphite. The low impact energy of 0.05 eV/atom, as compared to the Ag-Ag [6] binding energy 1.2 eV, makes the fragmentation of the impinging clusters unlikely. They diffuse on the surface as a whole and grow into islands. The island morphology of the sam-ples is separately analyzed by SEM and tapping AFM. On graphite terraces the clusters aggregate to fractal islands anchored on point defects as described before [3, 4] . In this paper we focus on cluster deposition on curved graphitic surfaces. The pleats are typically many µm long and resemble macroscopic drapery [7] , even though the graphite is mostly facetted like graphite polyhedral crystals as drawn in Fig. 1(a) . We focus on three-faced pleats, whose width ranges from 100 nm to a few microns. Atomic force microscopy (AFM) reveals that their height ranges from 10 to 35 nm, and the bend angles θ of the pleats is quite low -typically range between 3 and 35 degrees. Although the angles of the pleats are quite welldefined from their AFM profiles, the estimated values of the radius of curvature are less accurate and are limited by the size of the AFM tip -typically ∼10 nm. Figure  1 (b) and 1(c) show typical SEM and AFM images of a graphite pleat of 250 nm width after silver cluster deposition. As described earlier [2] , the clusters aggregate to linear islands in the concave bends of the pleat, in which they are trapped, but not demobilized as on point defects or step edges. We reported further, that convexly bent areas act as effective repulsive barriers for the cluster diffusion, which the clusters cannot pass by their thermal diffusion. Such potential barriers are therefore at least 25 meV high (thermal energy). By contrast, the islands grown on slightly curved graphite show isotropic fractal morphology that settle with the shape of the graphitic surface ( Fig. 1(d) ). This indicates that cluster mobility is not affected by graphite curvature of small angle θ equal to 3 degrees.
DFT calculation. To compare the behaviour of atoms and clusters on curved surfaces, we start by calculating binding energy of a silver atom and dimer on curved graphene. We used perfect carbon nanotubes (CNTs) to model the curved graphene. The electronic structure and structural relaxation calculations were performed using Density Functional Theory (DFT) [8] within the local density and generalized gradient approximations as implemented in the Quantum-ESPRESSO [9] package. In our calculations, plane wave basis sets, PBE exchange-correlation functional [10] and LDA potential, and RRKJ ultrasoft pseudopotentials [11] have been employed. We used nonlinear core corrections for the Ag atoms, with the 3d state included in the valence. The use of ultrasoft pseudopotentials enabled us to use an energy cut-off of 32 Ry for the plane wave basis, while the density cut-off was taken to be 400 Ry. The Brillouin zone was sampled by 1 × 8 × 1 special k-points using the Monkhorst-Pack scheme [12] , and a Gaussian smearing of width σ = 0.001 Ry was used for electron occupations.
We started with a single Ag atom, comparing the binding energy as calculated by DFT-GGA on the concave and convex surface. On a (5,5) nanotube, the silver atom is more strongly bound to the convex surface (outside) by 0.20 eV. On a (10,10) CNT, which has lower curvature, the two binding energies are nearly equal. We then computed Ag 2 on a (10,10) CNT (see Fig. 2(a) ) and found that the dimer prefers inside site by ∼0.3 eV In a recent work by Jalkanen et al., it was noted that the van der Waals interaction is a large component of the binding between silver and graphene, and GGA may not be an adequate approximation for the small curvature limit [13] . To examine this issue, we repeated the above calculations using LDA. Our results show that the Ag atom energetically prefers the convex surface of the (10,10) CNT by ∼0.1 eV. As in the GGA calculations, the dimer Ag 2 is more strongly bound to the concave surface of a (10,10) CNT by ∼0.2 eV, in contrast to the single atom. The unbound atom prefers the convex surface where the stretched C-C bonds allow for some chemical binding. The dimer, on the other hand, displays classical behavior, i.e. it can be modeled by a pair-wise additive potential.
The concave surface provides a closer area of contact, as illustrated in Figure 2 (b), and thus higher binding. This means that Ag n clusters can be modeled classically for n≥2.
For single Ag atoms, quantum-mechanical effects need to be taken into account explicitly. A further argument for the classical picture for n≥2 comes from the magnitude of the binding energy. To date, there is no direct experimental data on the desorption energy of a Ag atom or cluster on a graphite surface. Theoretical calculations give values of binding energy and bond length with a large error bars (a few tenth of eV). We have performed LDA calculations for a Ag 20 cluster on a flat graphene sheet. The binding energy between Ag 20 and the graphene sheet was 1.20 eV. The clusters are relatively weakly bound, again confirming the validity of a classical model.
Model calculation. We use a Lennard-Jones potential to model the interaction between a single cluster and the graphene surface. The cluster is far enough away such that the fine detail of both the cluster and the graphene sheet can be approximated by a solid sphere and continuous sheet, respectively. We can then write the interaction using a standard Lennard-Jones potential [14] , scaled to make it dimensionless,
where ǫ is the interaction energy, σ is the interaction distance parameter, R denotes the cluster position and r is integrated over the infinite graphene sheet. To more properly model a cluster, we integrated the above expression over the spherical volume as well. However, the resulting potential obtained is qualitatively no different from a Lennard-Jones potential with different parameters, so that step is neglected and we shall consider the cluster as a single entity at the sphere's origin. All distances can simply be scaled by σ, so the absolute value does not give quantitatively different results. We used this model to study the interaction between the cluster and a pleat in the graphene sheet. The pleat was modeled by two straight sheets at the pleat angle θ, inscribed by a cylinder segment of varying curvature κ. to soften the sharp angle (see Fig. 3 ). Figure 3 shows the potential for a 15
• bend, inscribed with a cylinder of κ = 1/2 1/6 σ. The concave bend shows a minimum relative to the flat pieces at the edge of the plot, which corresponds to stronger binding. The minimum occurs due to increased surface area for interaction as clusters approach the pleat. For the convex bend we observe the opposite, a decrease in binding due to decreased nearby surface area. To make this more quantitative, we considered the binding energy relative to the flat surface as a function of curvature. We define the relative binding change ∆ = E curve /E f lat − 1, where E f lat is the energy minimum found for a flat surface. Figure 4 shows ∆ as a function of the cylinder curvature κ.
For very low curvature (large cylinder radius), the binding energy of both concave and convex bends approach the flat result. In the limit of zero curvature, they are identical. In the limit of large curvature (small radius), there is strong enhancement of binding for θ > 0, and suppression for θ < 0. The inset shows that, as a function of θ, there is a binding energy change for a wide range of curvatures. Furthermore, it is approximately symmetric about the origin -the enhancement corresponding to a concave bend is roughly equal to the suppression corresponding to a convex one. ranges of angles observed in experiment, there enhancement/suppression ranges from 2% to over 10%. Discussion. The calculations show that typical bends, as found in experiments, can either enhance or suppress the total interaction by up to 15% compared to a flat surface. Our DFT calculations indicate a total binding of around 1 eV for Ag 20 on the planar graphitic surfaces, which is comparable to previous theoretical studies [15, 16] .
We use this value as a rough lower limit for bigger clusters like Ag 500 , as used in our experiment. Based on this, the calculations show that there is a minimum bend angle required to trap the clusters in the bend. Energetically, the trapping starts between 2% and 4% enhanced binding (at room temperature). This corresponds to a bend angle between 3
• and 5
• , as long the radius of curvature of the bend does not exceed 10 times the cluster radius, or about 15 nm for Ag 500 . Similarly, convex bends with corresponding parameters cause effective barriers that cannot be traversed by cluster diffusion.
The results of our model calculation explain the experimental observation shown in Fig. 1 . When clusters moving on the graphene surface encounter a concave bend of a pleat, they are trapped by the enhanced binding (potential well relative to the flat surface). They now have to diffuse in the potential well along the bend and aggregate to linear islands. Clusters landing on top of a pleat that has a flat surface are unable to overcome the barrier at the convex bends, and are trapped on top of the pleat where they have to aggregate. By contrast, clusters moving on graphitic surfaces with an overall small angle of curvature do not "see" the curvature and aggregate as shown on Fig. 1(d) . Our DFT calculations show that the bonding of single silver atoms is oppositely influenced by the surface curvature. Consequently, the manner in which bends in graphite affect atoms and clusters is qualitatively different. The DFT calculations further show that silver dimers already behave classically and cluster-like. As the cluster size is increased further, only the total binding, and therefore the effective wells or barriers, caused by bends in graphitic pleats increases. For clusters with 500 silver atoms the potential wells and barriers are high enough to be used as effective guides or traps for cluster diffusion and aggregation, opening new routes for controlling anisotropic diffusion at nanometer scale.
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